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“~From our/previous studies with 2~deoxy-D-glucose (2-DG) an
inhibitor of glucose utilization, we postulated that the resultant
intracellular glucopenia affects central neuronal pathways involved
in the control of peripheral heat production. In this investigation
we have delineated these thermoregulatory sites by steréotaxically

injecting micro-quantities of 2-DG into the hypothalamus of the rat
(T -
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Z(E&/of 20(p §)of 2-DG was 1njected into 350-400 g rats at 23{i,1 c. P o

)'r('
Significant decreases in Ireh?ere noted for the anterior hypothalamic,

ventromedial and dorsomedial nuclei as well as the lateral and posterior
hypothalamic.a;gas. With the ventral premammillary nucleus (PMV) mean

} - v

nadir T Edecreases of -l.luzyoccurred 1 hour after administration of 2-DG,
was sig;ificantly depressed after 3+1/2 hours, and returned to basal
values after 4 hours. Dose dependant response was observed only for this
nucleus. Of a total of 21 sites studied in both the anterior and

posterior hypothalamus, the PMV, an area of unknown physiological function,

was the most sensitive to glucose deprivation.

X
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" ‘Introduction -

The administration of 2-deoxy-D-glucose (2-DG), a non-
metabolizable analogue of glucose, to a variety of animals produces
a marked intracellular glucopenia resulting from the competitive
inhibition of phosphohexoseisomerase and consequently of glucose
utilization. The lack of cellular glucose activates the sympathico-
adrenomedullary system, and elicits a generalized hyperglycemia and
hyperlipacidemia (3, 15, 33). .Accompanying these alteratioﬁs in
circulating substrate are increased gastric acid secretion (5, 10, 22,
23),. increased food intake (18, 25, 26), and decreased heat production
(21). 1In addition, hypothermia has been noted in three of five patients
administered 2-DG intravenously for cancer chemotherapy (14).

As a result of our studies with 2-DG in ﬁumané and mice (6), we
have postulated that the disruption in glucose utilization affects
central neuronal pathways involved in the control of peripheral heat
production,.and thus results in the observed reduction in core temperature.

The present study presents a further characterization of the effects of

2-DG on thermoregulation. We have stereotaxically injected m:lcro-quaxitities

of 2-DG into selected sites of the hypothalamus of the rat and determined

that the ventral premammillary nucleus is the site most sensitive to this

analogue of glucose. | AsEsSion
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Materials and Methods

Approximately five hundred male Sprague-Duwley rats (Charles River
Breeding Laboratories, Wilmington, MA) weighing 350-400 g were used in
the course of these studies. The animals were housed in individual cages
with food (Charles River Rat Formula) and water ad 1ib, and kept in our
animal holding room at least 14 days before being used. All experiments
were performed at 23 * 1°C, and before surgery a thermistor probe (YSI-401,
Yellow Springs Instruments Co., Yellow Springs, OH) was inserted 4 cm to
monitor core temperature (Tte)' After baseline measurements were
established, the animals were lightly anaesthetized with 25-30 mg/kg of
i.p; pentobarbital sodium (Nembutal Abbott Laboratories, North Chicago, IL),
and the stereotaxic surgery performed. After approximately 30 minutes,
core temperature usu&lly returned to baseline levels.

Fig. 1 illustrates the stereotaxic coordination method of Szentagothai
et al. (27), which was used in all of our microinjection studies with the
stereotaxic 1nstrﬁmeﬁt (model No. 3-4, H. Neuman Co., Skokie, IL), and
micro-manipulator (SMF4 Narishige, Tokyo). In this technique the vertical
zero plane passes through bregma, and the horizontal zero plane lies 8 mm
below the upper skull surface (Parietal bone). The microinjection experiments
were acute preparations and carried out using a micropipette with an O. D.
of 1.8 mm, I. D. of 1.0 mm and a tip diameter of 50 microns. The 2-DG
solutions were always injected in a volume of 2 pf with a microsyringe
(Roger Gilmont Instruments Co., Great Neck, NY), as was the physiological

saline when used as a control. The 2-DG (Sigma Chemical Co., St. Louis, MO)
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was dissolved in pyrogen-free physiological saline, and Methylene-Blue
(Matheson, Coleman and Bell, Norwood, OH) was added in a concentration of
0.1% in order to aid histological identification of the injection site.

The microinjections with 2-DG were made into 21 different hypothalamic
sites, and Tré'monitored for a total of 4-8 hours. At the end of each
experiment,-the animal was injected with an overdose of pentobarbital
sodium (60 mg/kg, i.p:), then perfused with saline and 10% formalin. Tﬁe
brain was removed, and fixed with the following solutions: (i) acid-
alcohol formalin (40% formaldehyde 47.5 mf, acetic acid 47.5 mg, 95%,
ethanol 450 mg and distilled water 405 mR): 48 hours, (ii) distilled
water: 24 hours, (iii) sucrose-formalin (40% formaldehyde 100 mf, sucrose
300 g and distilled water 900 ml): 24 hours. Frozea coronal sections of
40-60 microns were-cut on a microtome, moﬁnted (gelatin 5 g, distilled
water 500 mg, 802.eth§n61 500 mf at 60°C) and stained using the Rucker-
Koithan procedure‘(24). In Fig. 2 is illustrated the track of the micro-
pipette and its tip after Nissl staining.

For monitoring anterior and posterior hypothalamic temperature,
stainless steel cannulae were chronically implanted (L 1.0, V 9.0, P 1.0
and/or 3.7), under pentobarbital sodium anaesthesia, using the stereotuxic
method previously described. The cannulae were made from sterile leur stub
adaptors, 16 ga. (No. A1030 Clay Adams, Parsippany, NJ), and were fixed to
the skull with dental cement. A week after surgery, a tissue implantation

thermistor probe (YSI-520, Yellow Springs Instruments Co.) was inserted into
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the permanent hypothalamic cannulae, while skin.(tail) temperature
was monitored by.a YSI-409 and/or a YSI 44012 small surface thermistor.
Oxygen consumption was measured on individual rats in an open system as

previously described (21).

Results

In the left panel of Fig. 3 are plotted changes in the rectal
temperature (mean * S. E.) of three groups of 30 intact rats each
administered 250, 375 or 562.5 mg/kg i.p. of 2-DG. Note the dose
reséonse to this analogue of glucose, and the resultant significant
(p<0.001) regression line (right side of Fig. 3) for the change in '1‘re
at 60 minutes after the administration of 2-DG. Although not depicted,
saline controls did not exhibit significant changes in Tre from basal
levels. In animals with implanted hypothalamic cannulae, similarly
treated with 375 mg/kg of 2-DG, we observed depressions in the temperatures
of both the anterior - and posterior hypothalamus, as well as aecreased
tail (skin) temperatﬁre (Fig. 4), and oxygen consumption (Fig. 5).

In Fig. 6 is depicted the effect on core temperature of the micro-

injection of 20 pg/2 pL of 2-DG into selected hypothalamic areas. In the

upper left hand corner are plotted the results with the anterior hypothalamic

nucleus (NAH). Note that Tre decreased significantly (p<.0l) after 15
minutes, exhibited a nadir of 1.6°C after 2 hours of the 2-DG administration,

was still slightly but significantly depressed (p<.05) after 5.5 hours, but




back to baseline values by 6 hours. In the upper right hand corner
are plotted the Tre changes noted with the dorsomedial nucleus (DM).
In this area-'rre was also significantly decreased after 15 minutes (ﬁ<.025),
éxhibited a nadir of 1.1°c at 2 hours, and was back to basal levels after
5.5 hours. In the middle left panel is depicted the Tre data for the
ventromedial nucleus (VH).. Significant Tre changes after 15 minutes
(p<.025), maximum depression of 1.2°¢C at approximately 2 hours, a small but
significant hypothermia (p<.0l) after 5 and 5.5 hours, and normothermia
at the end of the 6 hour observation period. AIn the middle riéht side
fig&re is the data for the lateral hypothalamic area (AHL). A; this site
the response elicited with 2-DG is similar to thét noted with NAH, i.e.
significant depreésion-after 15 minutes (p<.025) with a nadir after 1 1/2 - -
2 hours of'i.Soc, and essentially back to basal values after 6 hours. In
the bottom left panel are the results for the posterior hypothalamic area
(AHP) the response of which is similar to that observed with DM in that
after the initial significant depression at 15 minutes (p<.025), maximum
fall at approximately'z hourslis only 1°c, with a slight but significant
hypothermia over the lastihour and a half. In the lower right hand panel
are plotted Tte éhanses after microinjection into the medial mammillary
nucleus (MM). Note that for portions of the observaéion period a slight
hyperthermia was observed rather than the usual hypothermia.

The results obtained with the ventral premammillary nucleus (PMV) are

plotted separately in Fig. 7, since this area was the most responsive to
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2-DG administration, as reflected by the rapidity that nadir values in

'1‘re were attained, the magnitude of the drop, and the rapid return to

4 baseline values. Note that mean (n=9) Tre levels are significantly

3 (p<.01) below basal values 15 minutes after the microinjection of 20 ug/2 u
of 2-DG, and that the nadir occurs after approximately 1 hour, and, while
significantly depressed after 3 1/2 hours (p<.0l), has returned to basal
values after 4 hours.

] In Table 1 are summarized the effects of 2-DG on body temperature

when injected into 21 selected hypothalamic areas. The data presented

i in Fig. 6 and 7 are for 7 of these areas, and are representative of the

responses of these 21 sites. Note that the Tre responses tabulated in Table |
1 range from no change (~) as with the ML, to a moderate hypothermia (++)
[ in the AHL, DMv and VMp, to an intense hypothermia (+H) in the PMV.

i . In Figure 8 are plotted the effect on core temperatures of different
doses of 2-DG microinjected into the NAH and the AﬁL. Note that no dose

response was obtained with either NAH with 40, 80 and 160 ug/2 pf of 2-DG,

or with 20, 40 and 80 pg/2 u injected into the AHL. In fact in the case
of the latter area, the lowest dose evoked the greatest fall in T;e' On
éhe other hand, 2-DG injected into the PMV not only resulted in a greater
depression in T _ with 40, 80 and 160 ug/2 pf (Fig. 9), but also elicited
significant (p<.0l) dose~dependent responses.

Illustrated in Fig. 10 are a series of coronal rat brain sections which
summarize the effects on body temperature of microinjected 2-DG into

selected sites in the hypothalamus. In addition, these drawings are helpful




in visualizing the anatomical relationship and responses of the various

areas we studied. Note that while specific sites in both the anterior and
posterior hypothalamus reduced heat production following administration of
2-DG, maximum responsiveness (4+++) was noted in the ventral premammillary
nucleus (PMV); however, the adjacent dorsal premammillary (PMD), lateral
mammillary (ML), prelateral mammillary (PL) and medial mammillary (MM) nuclei

did not elicit a change in core temperature.
Discussion
» Since 1885 it has been known that impulses flowing from peripheral

thermoreceptors are integrated in the hypothalamus, and that the center

confrolling heat loss is situated in the anterior portioﬁ while the heat

-conservation center is located in the posterior hypothalamus (1, 11, 16, 28).

Subsequentiy, many investigations have definitively demonstrated that

mamnmalian temperature regulation is under hypothalamic control (2, 7, 8, 9,

‘31). Despite these and many other investigations, the role of the anterior

hypothalamus in this thermoregulatory process is much better understood
than the posterior area. In fact many ;nvestigators have considered the
posterior hypothalamus as being "chemically blind" since no sensitivity to
any chemical stimulation had been noted. Thus, in our investigations not
only have we demonstrated that the posterior hypothalamus was responsive
to micro-quantities of injected 2-DG, but in addition that the areas
adjacent to the mammillary bodies, whose physiological function is even

more poorly understood, also could respond to 2-DG with a generalized

hypothermia.




Unquestionably, our knowledge of the anatomical connection of the
mammillary bodies is greater than our understanding of their physiological
function; thus, it is accepted that while its histological make-up is
typical of limbic structures, which is atypical of the hypothalamus,
functionally these bodies are considered part of the hypothalamus (13).
Ranson, et al. (20) havé demonstrated in a group of rhesus monkeys, that,
following lesions mgde in an area dorsal and lateral to the mammillary
bodies, several animals developed a pronounced hypothermia. Interestingly,
the symptomatology and pathological findings in Wernicke's encephalopathy
(4, 12, 19, 29, 30) are comparable, since individuals with this disease
exhibit a significant hypothermia, and post mortem examination usually
reveals marked damage to the posterior hypothalamus including the mammillary
bddies. Indeed, a recent report (19) has documented a body temperature of
20.6°C in one individual. Even more intriguing to us, is the clinical
finding that many of the manifestations of this disorder, including the
hypothermia, are ameliorated by treatment with thiamine. Since this vitamin
is the prosthet;c group of cocarboxylase, it is, of course, required'if
aerobic giycolysis is to proceed to completion. Thus, one can hypothesize
that the hypothefmia accompanying Wernicke's encephalopathy is a direct
manifestation of neuronal lesions in the hypothalamus, which are well
documented consequences of thiamine deficiency, or that the reduced core

temperature is the result of incomplete glucose catabolism in the central

nervous system.
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The dose response curve obtained after i.p. administration of 2-DG
to rats (Fig. 3), the depression in tail &°d hypothalamic temperatures
(Fig. 4), and the precipitous decrease in oxygen consumption (Fig. 5)
are consistent, with comparable data obtained with mice (21). In.addition,
the present observations also indicate a decrease in whole body heat
production, rather than an increase in heat loss to the enviromment is
responsible for the reduction in core temperature. The hypothalamic
injections of micro-qu;ntities of 2-DG (Fig. 6) also confirm our earlier
hypothesis that the induced hypothermia with this glucose antagonist was
preéominantly the result of 2-DG effects in the central nervous system.

This is also consistent with previous observations that brain tissue is

more sensitive to the inhibitory effects of 2-DG than other tissues (32, 33).

Additionally, Muller, et al. (17) have recently reported Tre depression

with intraventricular injection of 2-DG of similar magnitude and time
course as our dataj; héwever, they used 2.5 mg of 2-DG, while in our study
only 20 ug was given.

It should be emphasized that of the 21 specific sites studied, areas
in both the anterior and posterior hypothalampg wére responsive to Z—DG
as evidenced by significant decreases in body temperature; however,
maximum sensitivity, as arbitrarily defined by the rapidity of the drop and
return to normal, was noted with the ventral premammillary nucleus. This
area not only evoked a precipitous decrease in core temperature, whose

magnitude was dose dependent, but its return to basal values was also

B
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comparatively rapid (4 hours). None of the other hypothalamic areas
similarly challenged with 2-DG produced an equally rapid decline and
recovery in body temperature as this nucleus. Also of interest is the
observation that 2-DG administration into the nuclei immediately adjacent

to the PMV, i.e. PMD, ML, PL and MM nuclei, did not elicit any alteration

in core temperature. While generally little is known about the physiological

function of the mammillary bodies, we can now ascribe a thermoregulatory

involvement for one of the adjacent nuclei.
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Figure Legend

Fig. 1. Stereotaxic coordination by method of Szentagothal et al. (27).
Shown is a sagittal section of the rat's skull and brain to demonstrate
the fixation plane of the head.in the stereotaxic apparatus, and the
orientation of vertical and horizontal reference planes. A: to anterior,

P: to posterior.

Fig. 2. Microphotographs of the hypothalamus after Nissl staining. In A
and B are the tracks of micropipettes, while in C, D and E are the tip of
track of a same preparation at different magnification. The dark portion
at Fhe bottom of tip is the methylene blue dye. Magnification: C: x 35,

B: x 50, A, D: x 70, E: x 100.

Fig. 3. Change in rectal temperature after intraperitoneal administration
-of 250, 375, and 562.5 mg/kg of 2-DG at -0 time. 30 different rats were

used for each dose, and each point represents the mean * S. E. In the figure
at the right is the log dose-response curve for these experiments. Each
point represents the mean depression in core temperature 60 minutes after

the 2-DG injection. The straight line was drawn by the method of least

squares, and is a highly significant (p<0.001) regression.

Fig. 4. Change in temperatures of the anterior hypothalamus (left panel),
the posterior hypothalamus (right panel), rectal and skin (tail) after intra-

peritoneal administration of 375 mg/kg 2-DG. Each point represents mean +

S. E. of 10 (left panel) and 9 (right panel) rats.
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Fig. 5. The effect of i.p. injection of 375 mg/kg of 2-DG on the oxygen
consumption (ml/kg/min) of the rat. Each point depicts mean * S. E. of

12 rats. . _ .

Fig. 6. Change in rectal temperatures after microinjection of 2-DG (20 ug/2 ﬁL)
into selected hypothalamic areas. Each point represents the mean of 6 to 9
rats * S. E. NAH: anterior hypothalamic nucleus, DM: dorsomedial nucleus,
VM: ventromedial nuéleus, AHL: .lateral hypothalamic area, AHP: posierior

hypothalamic area, MM: medial mammillary nucleus.

Fig. 7. Change in reétalﬂtemperatures after 2-DG (20 ﬁg/Z ML) injection
into the ventral premammillary nucleus (PMV). Individual values for 9 rats

are plotted on left portion, while the mean * S. E. are in the right panel.

:EEEL;ér Effects o; féétéijfé;perature df the microinjection of 40, 80 and

- 160 ﬁg of 2-DG into ihe anterior hypothalamic nucleus (NAH) (upper graph),
and 20, 40, 80 jg into the lateral hypothalamic area (AHL) (lowér graph) .
5 different rats were used for each dose, and each point represents the mean

28, K

Fig. 9. Dose-response of the microinjection of 40, 80, and 160 ﬁg of 2-DG

into the ventral premammillary nucleus (PMV). Each dose represents 6

different rats, and each point is the mean * S. E.
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Fig. 10. Summary of the effect on body temperature of the microinjection

of 2-DG into selected hypothalamic areas, as depicted in a series of coronal
rat brain sections. V LAT: lateral ventricle, Fx: fornix, CA: anterior
commissure, APO: preoptic area, NAH: anterior hypothalamic nucleus, AHL:
lateral hypothalamic area, SCH: suprachiasmatic nucleus, CHO: optic chiasma,
S0: supraoptic nucleus, RCA: retrochiasmatic area, VMa: anterior sub-
division of ventromedial nucleus, ARC: arcuate nucleus, DM: dorsomedial
nucleus, VM: ventromedial nucleus, DMd: dorsal subdivision of dorsomedial
nucleus, DMv: ventral subdivision of dorsomedial nucleus, VMp: posterior
subdivision of ventromedial nucleus, AHP: posterior hypothalamic area,
PMD: * dorsal premammillary nucleus, PMV: ventral premammillary nucleus,

PL: prelateral mammillary nucleus, MM: medial mammillary nucleus, ML:
lateral mammillary ﬁucleus. Refer to text (Legend Table 1) for explanation

of + and - symbols.

‘Table 1. Summary of the effect on body temperature of the microinjection ;
of 2-DG into 21 selected hypothalamic areas. Symbols used to denote the

temperature response are as follows:

++: intense hypothermia ~: no change (no hypothermia)
++: moderate hypothermia -~: slight hyperthermia |
+: hypothermia ?: response not clear

*: slight hypothermia
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"In conducting the research described in this report, the investigators

adhered to the ‘Guide for Laboratory Animal Facilities and Care', as

promulgated by the Committee on the Guide for Laboratory Animal Facilities

and Care of the Institute of Laboratory Animal Resources, National Academy

of Sciences - National Research Council."

"The opinions or assertions contained herein are the private views of
the author(s) and are not to be construed as official or as reflecting the

views of the Department of the Army or the Department of Defense."
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2-DG  375mg/kg,i.p.
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Microinjected Area Abbr. Response
Lateral hypothalamic area AHL ++
Posterior hypothalamic area AHP +
Preoptic area APO +
Arcuate nucleus ARC ?
Dorsomedial nucleus DM +
Dorsal subdivision of DM DMd +
Ventral subdivision of DM DMv .k A
Lateral mammillary nucleus ML -
Medial mammillary nucleus MM —_—
Prelateral mammillary nucleus PL ?
Anterior hypothalamic nucleus NAH ++
Dorsal premammillary nucleus PMD —_
Ventral premammillary nucleus PMV H+
Paraventricular nucleus PV t
Anterior periventricular nucleus PVA ?
Retrochiasmatic area RCA +
Suprachiasmatic nucleus SCH +
Supraoptic nucleus SO - -
Ventromedial nucleus M +
Anterior subdivision of VM VMa +
Posterior subdivision of VM VMp ++
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Significant decreases in T  were noted for the a:L.rior hypothalamic,

lventromedialand dorsomedial nliclei as well as the lateral and posterior
'hypothalamicvareas.W1th the ventral premammillary nucleus (PMV) mean nadir

decreases of -1.1°C occurred 1 hour after administration of 2-DG, was
sfgnificantly depressed after 3 1/2 hours, and returned to basal values after
4 hours. Dose dependant response was observed only for this nucleus. Of a
total of 21 sites studied in both the anterior and posterior hypothalamus, the
PMV, an area of unknown physiological function, was the most sensitive to

glucose deprivation.
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